Introduction
Recently, there has been great concern regarding reduction of the weight of the automotive body and improvement of collision safety, which has encouraged active use of high-strength steel sheets (HSS) for automobiles. 1, 2) Various elements such as Si, Mn and Cr are added in order to obtain high strength and ductility 3, 4) in the manufacture of HSS. The HSS has also been applied to galvannealed components to obtain excellent anti-corrosion properties. 5) The manufacturing process of the HSS typically includes recrystallization annealing in a continuous furnace controlled to an annealing temperature of more than 700°C in a 5-20 vol% H 2 − N 2 gas atmosphere. In this atmosphere, both Cr and Mn should be thermodynamically oxidized as selective surface oxides, whereas Fe oxide can be reduced. It is well known that these selective surface oxides deteriorate the wettability of the HSS with molten Zn and lead to coating defects such as bare spots [6] [7] [8] [9] [10] on the HSS in the hot-dip galvanizing process immediately after annealing. Various authors have so far reported the selective surface oxidation behavior on the surface of the HSS containing both Mn and Cr. [11] [12] [13] However, they have not mentioned the relationship between the difference of the selective surface oxide and the wettability of the HSS with molten Zn. Furthermore, there
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is still little detailed information regarding the influence of the amount of Cr addition on the selective surface oxidation and wettability. For example, Kawano et al. 14) studied the wettability of only 0.6 mass% Cr-1.6 mass% Mn and 1.9 mass% Mn steel.
In order to better understand the contribution of Cr addition to the wettability of the HSS with molten Zn, the present study focused on the influence of Cr addition on selective surface oxidation behavior, which is thought to determine the wettability of cold-rolled HSS containing 0-0.6 mass% Cr-1.7 mass% Mn. The wettability was evaluated by measuring the contact angle of molten Zn containing 0.2 mass% Al (Zn-Al) on the HSS.
Experimental
The steel samples used in the present study were full hard cold-rolled Cr-and Mn-bearing HSS with a thickness of 1.0 mm. The compositions of the samples were 0.02 mass% C, 0.01 mass% Si, 0.0, 0.2, 0.4 and 0.6 mass% Cr and 1.7 mass% Mn. The samples were pre-cleaned by electric degreasing, which was performed in an alkaline solution of 3.4 mass% NaOH at a current density of 500 A·m − 2 for 10 s. The samples were then pickled in an acidic solution of 5 mass% HCl at a temperature of 60°C for 6 s, followed by annealing for recrystallization. As shown in Fig. 1(a) , this annealing was conducted in an atmosphere of 5 vol% H 2 -95 vol% N 2 at a dew point of − 35°C. The heating rate was 13°C·s − 1 up to 650°C and 2°C·s − 1 from 650°C to a maximum temperature of 800°C. After annealing, the samples were rapidly cooled to room temperature with 100 vol% N 2 with a flow rate of 200 L·min − 1 . After cooling, the annealed samples were analyzed as follows. Selective surface oxidation behavior was investigated by glow discharge optical emission spectroscopy (GD-OES). The conditions utilized for these measurements were a current of 20 mA and an Ar gas flow rate of 8.3 mL·s − 1
. The sputtering time was 30 s, and the sputtering rate was approximately 0.008 μm·s − 1
. The amount of selective surface oxidation of the annealed samples was quantified by measuring the concentration profiles of Cr and Mn at the steel surface by GD-OES. In these GD-OES profiles, the peak of the intensity in 0-0.03 μm, which was higher than that of the matrix and was more than 0.16 μm from the surface, was defined as the segregation peak. The integrated Cr and Mn intensity (arbitrary unit) of 0-0.03 μm was defined as the amount of selective surface oxidation of Cr and Mn. Characterizations of the surface oxides were performed using X-ray photoelectron spectroscopy (XPS) with an Al-Kα X-ray source. X-ray diffraction (XRD) was also used with Cu-Kα radiation by grazing angle incidence. Cr-Mn spinel could be detected as MnCr 2 O 4 (ICDD: 00-054-0876). The amount of Cr-Mn spinel was estimated by the integrated intensity of the MnCr 2 O 4 (220) peak with the diffraction angle 2θ of 29.9°, which was normalized by the integrated intensity of the (100) peak of alpha Fe (ICDD: 00-006-0696) with the diffraction angle 2θ of 44.7°.
The surface of the annealed samples was observed by scanning electron microscopy (SEM). The conditions used in this observation were an acceleration voltage of 0.5 kV and working distance of 5 mm. Cross-sectional annealed samples were prepared by focused ion beam (FIB). These samples were observed by transmission electron microscopy (TEM) to determine the morphology and distribution of the oxides in the subsurface region. Determination of the composition of the oxides was performed by energy dispersive spectroscopy (EDS).
Wettability was measured by dropping molten Zn with and without 0.14 mass%Al (Zn-Al) onto the surface of the annealed samples. A graphite syringe with a Zn-Al ingot was installed and heated using an electric heating coil to melt the ingot above the annealed sample in the main chamber. In order to avoid oxidation of the molten Zn-Al, 5 vol% H 2 -95 vol% Ar was introduced into the main chamber. In this study, the specimen was heated up to 460°C for 1 min, after which Zn-Al droplets were dropped on the samples and their wetting behaviors at 465°C were recorded by a video camera. The droplet size was adjusted to a diameter of around 2 mm. The contact angle and wetting radius were measured from the recorded images 1 s after dropping the Zn-Al droplets, as shown in Fig. 1(b) .
Results

Influence of Cr Addition on Selective Surface
Oxidation after Annealing Selective surface oxidation behavior was investigated using GD-OES. Figure 2 shows GD-OES profiles of the annealed samples of Cr-free-1.7 mass% Mn and 0.6 mass% Cr-1.7 mass% Mn, respectively. The intensity of the segregation peak of Cr increased as the amount of Cr addition increased. The width of the segregation peak of Mn was 0.02-0.03 μm on the Cr-added samples. In contrast, the intensity of the segregation peak of Mn appeared to be substantially unchanged when the amount of Cr addition increased. Figure 3 shows the influence of the amount of Cr addition on the selective surface oxidation of Cr and Mn. The selective surface oxidation of Mn was almost the same even when the amount of Cr addition increased, whereas that of Cr increased monotonically with increasing Cr addition.
As shown in Figs. 2 and 3 , the amount of Cr addition drastically altered the selective surface oxidation behavior of the samples. Therefore, identification of the selective surface oxides was carried out using XPS and XRD. Figure  4 shows the influence of Cr addition on the atomic ratio of each element obtained by XPS on the very surface of the annealed samples. The atomic ratios of Fe, Mn and O were almost the same even when the amount of Cr addition increased, whereas that of Cr increased monotonically. Figure 5 shows the measured XRD patterns of the annealed samples. In the case without Cr addition, only MnO was identified as the selective surface oxide. On the other hand, diffraction peaks of the spinel structure, which was identified as MnCr 2 O 4 , were detected on the samples contained Cr. The influence of Cr addition on the amount of MnCr 2 O 4 is shown in Fig. 6 . As the amount of Cr addition increased, the amount of MnCr 2 O 4 increased monotonically. SEM observation was performed in order to observe the shape of the selective surface oxide. Figure 7 shows SEM images of the surfaces of the annealed samples. In the case without Cr addition, there were many granular particles with a diameter of around 200 nm, which are considered to be selective surface oxides. With Cr addition, relatively flat selective surface oxides were observed in addition to the granular oxides. Figure 8 shows the effect of Cr addition on the contact angle of the molten Zn with and without Al on the surface of the annealed samples. In the case without Al, no clear effect was observed, and the contact angle was around 130°. On the other hand, in the case with Al, the contact angle decreased from 130° to 105° as the amount of Cr addition was increased up to 0.6 mass%.
Influence of Cr Addition on Wettability of Steel with Molten Zn-Al
In order to discuss the wettability behavior shown in Therefore, cross-sectional TEM observation and EDS line analysis were carried out. Figure 9 shows the results of the cross-sectional TEM and EDS line analysis of the interface between the coating and the samples (a) without Cr addition and (b) containing 0.6 mass% Cr, respectively. The results of the EDS line analysis shown in Fig. 9 were concentration profiles of each element measured across each oxide at the interface in the direction perpendicular to the interface from the coating layer toward the steel substrate. In the case without Cr addition shown in Fig. 9(a) , the oxide was proved to be composed of O and Mn. In contrast, with Cr addition, the oxide included Cr in addition to O and Mn. Moreover, Al was concentrated on the oxide containing Cr, Mn and O. 
Discussion
Influence of Cr Addition on Selective Surface Oxidation after Annealing
Selective surface oxidation is a phenomenon in which Cr and Mn in the steel are oxidized due to the existence of oxygen provided by the thermodynamic deviation of H 2 O in the atmosphere on the interface between the steel surface and the atmosphere. 15) As shown in Figs. 3, 4 and 5, in the case without Cr addition, the selective surface oxides are mainly MnO, but in the case with Cr addition, the selective surface oxides are assumed to be composed of MnCr 2 O 4 which is called Cr-Mn spinel, in addition to MnO. Cr-Mn spinel is thought to be formed through an interaction between MnO and Cr, which occurs as a result of Cr addition. 11, 12) Formation of Cr-Mn spinel is also consistent with the thermodynamic assessment, the Cr-Mn spinel appears as a stable phase in reported ternary phase diagrams of Mn-Cr-O. 16, 17) Here, let us consider the mechanism of selective surface oxidation thermodynamically. It may be necessary to consider the following reactions regarding the oxidation of Cr-and Mn-bearing steel in an atmosphere with H 2 − H 2 O. 
18)
The results are shown in Fig. 10 . In the present study, these calculations were conducted on the supposition that the activities of Mn and Cr were equal to the atomic ratio of each element. 18) Although pH 2 O/pH 2 of MnCr 2 O 4 could not be calculated using the above the Eq. (2), it can be assumed that it may exist at each temperature between that of Cr 2 O 3 (3) and that of MnO (1) in Fig. 10 . log(pH 2 O/ pH 2 ) in the annealing atmosphere could also be calculated at approximately −2.5, as the atmosphere had a temperature of 800°C, dew point of −35°C and hydrogen concentration of 5 vol%. 19) As shown in Fig. 10 , when log(pH 2 O/pH 2 ) equals −2.5, the reaction in the Eq. (4) should proceed to the left; that is, the reaction means reduction of FeO. In contrast, the reactions of (1)- (3) proceed to the right; that is, these reactions are oxidations of Mn and Cr. Therefore, Mn and Cr existed as oxides such as MnO and MnCr 2 O 4 , whereas Fe was not an oxide but rather was a metal on the very surface. These results correspond to the XRD results shown in Fig.  5 . As shown in Fig. 4 , the fact that the atomic ratio of Fe was almost the same even when the amount of Cr addition increased indicates that the exposure ratio of the metallic Fe was also almost the same regardless of Cr addition, and there were many granular MnO and MnCr 2 O 4 particles on the surface. This corresponds to the SEM observation results shown in Fig. 7 . According to the SEM observation, MnCr 2 O 4 was a relatively flat oxide compared to MnO. As a result, the difference of surface morphology in the cases with and without Cr addition can be represented schematically as shown in Fig. 11. 
Influence of Cr Addition on Wettability of Steel
with Molten Zn-Al In the case with Al addition to molten Zn-Al, the contact angle decreased from 130° to 105° as the amount of Cr addition was increased up to 0.6 mass%, as shown in Fig. 8 . This means that the wettability of the annealed sample with the molten Zn-Al may be enhanced by adding Cr to Mn-bearing steel. As shown in Fig. 3 , the amount of Mn selective surface oxide did not change greatly when the amount of Cr addition increased, whereas Cr selective surface oxidation increased. In addition, the exposure ratio of the metallic Fe was almost the same regardless of the amount of Cr addition as shown in Fig. 4 . This indicates that the wettability did not depend on the amount of Mn selective surface oxidation. Furthermore, this influence of Cr addition on the contact angle was not observed without Al. Hence, Al in the molten Zn-Al is considered to play an important role in the change in the wettability.
Thermodynamically, Al should be oxidized more easily than other elements such as Mn, Cr and Fe. 20) In other words, it may be possible for Al to reduce MnO and Cr-Mn spinel, which is a so-called aluminothermic reaction, [21] [22] [23] [24] and this may lead to a reduction of the contact angle. Cr-Mn spinel can presumably react with Al more easily than MnO, as Cr is less oxidizable than Mn according to an Ellingham diagram. 20) Moreover, reduction of MnO by Al should be difficult, as the Mn in MnO is difficult to replace by Al due to its NaCl-type crystal structure. Al oxide would not fit the NaCl-type structure but would form corundum or spinel. 14, 25) Al as well as Cr are thought to form a spinel structure with Mn as follows: Accordingly, the wettability and reactivity should be improved by an increase in the amount of Cr-Mn spinel. As shown in Fig. 6 , the amount of Cr-Mn spinel increased with increasing Cr addition. It has been indicated that this is the reason why the contact angle decreases with increasing Cr addition up to 0.6 mass%. Eustathopoulos et al. investigated the contact angles of various molten metals on metal oxides and reported that the contact angle tended to decrease when the metal reacted with the oxide. 26) Consequently, the mechanism by which the wettability of the sample containing Cr and Mn is affected can be shown schematically in Fig. 12 .
Conclusion
In order to better understand the mechanism of the contribution of Cr addition to the wettability of steel with molten Zn the influence of Cr addition on the selective surface oxidation behavior on 1.7 mass% Mn-bearing high-strength sheet steel was investigated. The main results of the present study can be summarized as follows.
The contact angle of the molten Zn-Al on the 1.7 mass% Mn-bearing steel tended to decrease as the amount of Cr addition increased up to 0.6 mass% due to an increment of Cr-Mn spinel which should react with molten Al much more easily than MnO.
